The chemistry of the burrowing sponge Aka coralliphagum was investigated to identify chemically labile secondary metabolites. The HPLC-MS analysis of the two growth forms typica and incrustans revealed different metabolites. The previously unknown sulfated compounds siphonodictyals B1 to B3 (6-8), corallidictyals C (9) and D (10), and siphonodictyal G (11) were isolated, and their structures were elucidated by NMR and MS experiments. The compounds were tested in a DPPH assay, in antimicrobial assays against bacteria, yeasts, and fungi, and in antiproliferation assays using cultures of mouse fibroblasts. The biological activity was linked to the presence of the ortho-hydroquinone moiety.
The burrowing sponge Aka coralliphagum ()Siphonodictyon coralliphagum) is a bright yellow colored sponge that burrows into corals. Four distinct morphological growth forms have been described for Aka coralliphagum from the Caribbean: forma typica, f. tubulosa, f. obruta, and f. incrustans. 1 Several bioactive sesquiterpene hydroquinones, such as the siphonodictyals (B, 1) and siphonodictyols, 2 were obtained from the forms tubulosa and typica. Although the isolation of labile compounds such as siphonodictyols G (2) and H (3) suggested the existence of additional sulfated phenolic compounds in A. coralliphagum, compounds such as the siphonodictyals were isolated without respect to the occurrence of sulfated metabolites. Past isolation and purification methods did not account for the problem of compound hydrolysis. 2a,b This paper describes the isolation, structure elucidation, and biological testing of the new, labile metabolites siphonodictyals B1 to B3 (6) (7) (8) , corallidictyals C (9) and D (10) , and siphonodictyal G (11) from the Aka growth form incrustans. In order to compare the secondary metabolites of the two growth forms incrustans and typica, an HPLC analysis of their crude extracts was performed. These two forms of Aka occur in different habitats, with typica predominating on shallow water reefs (10-15 m) while incrustans occurs on deep water vertical slopes (20-25 m). It was deemed important to isolate the labile natural products of these two growth forms in their naturally occurring forms in order to understand more about their biological and ecological function.
Results and Discussion
Extracts of sponge samples were investigated by an HPLC-MS screening. The two growth forms of Aka coralliphagum (typica and incrustans) showed differences in HPLC fingerprints and their major metabolites ( Figure 1 ). While forma typica contained more polar compounds (shorter retention times), forma incrustans contained three main compounds with a less polar character. Further characterization by HPLC-API-CID-MS/MS showed a single or double sulfation of compounds with shorter retention times. This was deduced by loss of m/z 80 under MS/MS conditions and detection of a [SO 3 ] -ion at m/z 80 (see Supporting Information) 3 as well as a sulfur-specific isotopic pattern. These results indicate that the two growth forms have considerable differences in their secondary metabolite compositions. The isolation and structure elucidation of compounds from the growth form incrustans is discussed in detail below. Due to the instability of these compounds, a gentle extraction and purification protocol had to be applied. An overnight extraction in MeOH and a direct purification of the crude extract by preparative HPLC (MeCN/H 2 O gradient) was chosen. All solvents were free of acid to avoid hydrolysis of compounds.
The structure elucidation was based on 1D and 2D NMR, as well as MS/MS experiments. Comparison of molecular masses from HPLC-MS screening and the NMR chemical shifts with data of known compounds from the literature revealed the compounds siphonodictyal B (1), 2a siphonodictyol G (2), 2b and corallidictyal A (4) and corallidictyal B (5) 4 in minor concentrations. The 1 H and 13 C NMR chemical shifts for all isolated compounds are given in Tables 1 and 2 . One major compound from incrustans was isolated: a molecule (6) with a highly accurate mass of 544.1680 [M -H] -, indicating the molecular formula C 24 H 35 NO 9 S 2 with eight degrees of unsaturation. Under MS/MS conditions, the loss of 80 amu was observed, indicating a sulfate ester group. The 13 C NMR spectrum displayed nine signals in the area of olefinic/ aromatic carbon atoms and 15 signals in the aliphatic region. The edited HSQC spectrum indicated four methyl and seven methylene groups. Two of these methylene groups belong to an isolated spin system. The aromatic ring system including the imine carbon C-22 accounts for five of the eight degrees of unsaturation, suggesting a bicyclic sesquiterpene unit with one double bond for the rest of the molecule. Owing to the nature of the co-occurring metabolites, the decalin system was supported by comparison of the 13 C NMR data of 1 and 6.
The sesquiterpene unit of 6 was identified by 1 H, 1 H-COSY, 1 H, 13 C-HMBC, and 1,1-ADEQUATE experiments. Starting from position 8, HMBC correlations from H-8 to C-6, C-7, C-9, C-13, and C-15 as well as COSY correlations from H-8 to H-7 and H-13 were observed. In addition, with 1,1-ADEQUATE correlations from H-8 to C-7, C-9, and C-13, from H-6 to C-5 and C-7, and from H-15 to C-9, the structure of one-half of ring B was supported, including the connection between the aliphatic and aromatic moiety. Because the 1 H shifts of H-1, H-3, H-5, and H-7 were overlapped, other separated signals like the two methyl groups at position 12 and 14 had to be used for elucidation of ring A. HMBC correlations from H-14 to C-1, C-5, C-9, and C-10 and from H-12 to C-2, C-3, C-4, C-5, and C-11 as well as 1,1-ADEQUATE correlations from H-11/H-12 to C4 and H-2 to C-1 and C-3 assisted the structure elucidation of ring A of the sesquiterpene moiety (Figure 2) . Because there were 10 HMBC correlations from H-15 to the sesquiterpene system as well as to the aromatic moiety, carbon C-15 must form the connection between these two sections.
Two methylene groups of the molecule belong to a separated spin system of which one showed a 1 H, 15 N-HMBC and a COSY correlation to the protonated nitrogen. COSY correlations between these two methylene groups suggested a RNH-CH 2 -CH 2 -R moiety. To identify this part of the molecule, a hydrolysis reaction was carried out. TLC analysis revealed taurine as the main product, suggesting an imine bond in molecule 6, which was further supported by a downfield shift of C-22 in contrast to 1 or 7.
Analysis of the HSQC spectrum displayed three olefinic protons for position 15, 17, and 22 and one phenolic proton, due to the lack of a correlation at 8.23 ppm. Because the molecular formula contains nine oxygen atoms, of which seven are included in sulfate and sulfonic acid groups and one is included in a phenolic hydroxyl group, one oxygen atom remains. A phenolate ion was indicated by the occurrence of one protonated nitrogen atom, one remaining oxygen atom, the absence of a second phenolic proton, and the aromatic 13 C shifts. In contrast to 1, the 13 C chemical shift of C-19 is shifted downfield, which indicated a change from phenol to phenolate. 5 In this case the sulfate ester group had to be located at the quaternary carbon C-21. HMBC correlations from OH-18 to C-17, C-18, C-19, and C-20 in combination with 1,1-ADEQUATE correlations from H-17 to C-18 and H-22 to C-20 assigned the constitution from C-17 to C-20 and C-22 in the aromatic moiety. Assignments may be interchanged. Assignments may be interchanged due to an overlapping of signals.
The remaining three carbon atoms C-15, C-16, and C-21 were assigned using a 1,1-ADEQUATE correlation from H-17 to C-16 and HMBC correlations from H-17 to C-15 and C-21 and H-22 to C-21.
The elucidation of the aromatic moiety of compound 7 was easier, because of an additional phenolic proton and improved separation of 13 The differentiation of the three constitutional proposals with respect to the position of the sulfate is further supported by 13 Cchemical shift analysis. An increment system based on Ragan's 6 clearly favors proposal III as the correct constitution for the aromatic moiety of compound 7 (Figure 3 ). Substructure III is additionally supported by a strong ROESY correlation from H-17 to OH-18 and the mentioned HMBC correlations which clearly indicate the pyrrocatechol moiety for OH-18 and OH-19.
Siphonodictyal B3 (8) was identified by NMR data and its accurate mass, which indicated the molecular formula C 22 H 29 O 10 S 2 . Comparison of δ( 13 C) data of 1 and 8 revealed an identical sesquiterpene moiety. MS/MS analysis showed a double loss of [SO 3 ] -, suggesting a double sulfation in the aromatic moiety. HMBC correlations from OH-19 to C-18, C-19, C-20, and C-22 established the position of the phenolic hydroxyl group at C-19. This is supported by a hydrogen bond between the carbonyl function and the phenolic hydroxyl group due to a downfield-shifted signal for OH-19 in the 1 H NMR spectrum and the small line width. These results established a para constitution for the two sulfate ester groups at C-18 and C-21 according to constitutional proposal II (Figure 4 ). This result was confirmed by increment calculations (see Supporting Information). 6 Corallidictyal C (9) and corallidictyal D (10) were found as minor metabolites and could be isolated only as a mixture like corallidictyal A (4) and corallidictyal B (5). As previously described for 4 and 5 (3:7), 4 (7) (sum over all ∆δ( 13 C); I 33.9 ppm, II 17.9 ppm, III 9.5 ppm).
formula C 22 H 29 O 4 . Comparison of spectroscopic data with 1 and 4/5 revealed an identical decalin moiety. In comparison to 1, the double bond between C-9 and C-15 and the proton signal for OH-21 were missing. The aromatic moiety was elucidated using HMBC correlations. Similar to 7, both phenolic hydroxyl groups displayed two identical correlations, suggesting an ortho arrangement. The edited HSQC proved the existence of a methylene group at position 15, which was supported by an upfield-shifted δ( 13 C) for C-15 in comparison to 1. These arguments, in combination with a quaternary carbon at C-9, indicated a benzofurane structure for corallidictyals C (9) and D (10) .
The configuration of the double bond between C-9 and C-15 in 6, 7, and 8 was determined to be E using ROEs from H-15 to H-1 and H-14 as well as H-17 to H-8. A detailed analysis of the protonproton couplings and interproton distances was not possible because of the severe overlap of the involved protons H-1, H-3, H-5, and H-7. Therefore, a comparison of δ( 13 C) had to be used for elucidation of the configuration at C-5, C-8, and C-10. The determination of the relative configuration of related compounds, for example, siphonodictyal B (1), spongiaquinone, 7 and deoxyspongiaquinone, 8 including a sesquiterpene moiety identical with that in 6, 7, and 8, is based on the comparison of spectroscopic data with 11-nordriman-9-one (12), which was obtained by ozonolysis of the natural products. Unfortunately, no assigned 13 C data were reported for 12, whereas for the epimeric form (C-8) 13 C shift values are available. 9 The comparison of δ( 13 C) between the C-8 epimer of 12 and the new compounds displayed very similar values, except for those at C-5. Measurements of siphonodictyal B (1) in DMSO-d 6 and CDCl 3 revealed a solvent-dependent effect for the 13 C shift at C-5 (DMSO-d 6 : 49.0 ppm; CDCl 3 : 52.4 ppm), while the remaining values were very similar ( Table 1 ). The trans-decalin moiety is further supported by the 13 C chemical shift difference of the geminal methyl groups at C-4 (12 ppm). This is caused by a 1,3-diaxial interaction with the methyl group at C-10. These results suggested an identical stereochemistry for compounds 6, 7, and 8 as published for siphonodictyal B (1). The configuration of C-8 was assigned by comparison of the 13 C shift for C-13 with the synthetic precursor of siphonodictyal B (1). 10 The configuration at C-8 was determined to be S by comparing analogous values. For a variety of compounds with an identical sesquiterpene moiety (S configuration of C-8) the values for 13 C shifts at C-13 are in a very similar range (∼22 ppm). 8, 11 The inversion of the configuration at C-8 effected a change of the 13 C shift at C-13 (∆δ( 13 C) ) 7 ppm), as was shown for chromazonarol and 8-epichromazonarol. 12 The relative configuration of corallidictyals C (9) and D (10) was elucidated on the basis of ROESY spectra. For corallidictyal D (10), a ROE from H-8 to H-15 was observed, but this ROE is missing in corallidictyal C (9), which confirmed the same configuration at C-9 as published for corallidictyal A/B (4/5). Furthermore, ROEs from H-8 to H-14 and missing ROEs from H-13 to H-14 in 9 and 10 revealed the R-configuration of the methyl group at C-13. The comparison of δ( 13 C) with 4 and 5 indicated an identical configuration at C-5 and C-10.
Siphonodictyol G (2) was identified by its high accurate mass and by comparison of spectroscopic data in the literature. By the use of HPLC-MS screening, a metabolite (11) with the molecular formula C 22 H 30 O 6 S and nine degrees of unsaturation was detected. Comparison of NMR spectra of siphonodictyol G (2) and this compound revealed an identical structure, but with a benzaldehyde group instead of a benzylic alcohol moiety. This was supported by one further degree of unsaturation and the downfieldshifted 1 H/ 13 C signal at position 22 in comparison to 2. The substitution pattern in the aromatic moiety of siphonodictyal G (11) was identical to that in siphonodictyol G (2).
The hydroquinone structures of the isolated compounds suggested a potential radical-scavenging character. This was surveyed using the DPPH assay. Compounds that have a hydroquinone system, e.g., phlorotannins 13 or meroterpenoids, 14 usually show strong activities in this assay. For quinone systems this activity is not expected, because the highest oxidation state is already reached. The results revealed an activity for compounds 2, 6, 7, and 11 and no activity for compounds 4/5 (see Table 3 ).
Siphonodictyal B2 (7) showed effects comparable to ascorbic acid. It is known that hydroquinone systems can take up an electron, which leads to the resulting phenoxyl radical. This process is included in oxidation and reduction of the corresponding hydroquinone and quinone. The activity of 2 and 11 and inactivity of 4/5 suggested that the intact aromatic system in conjunction with a phenolic function was a requirement for a radical-scavenging property. The strongest activity was observed for the orthohydroquinones 6 and 7, while compounds 2 and 11, with phenolic moieties, were less active.
The isolated compounds were further tested for antimicrobial activity against different Gram-positive and Gram-negative bacteria, yeasts, and fungi and for their capacity to inhibit cell proliferation of mouse fibroblasts. The results given in Table 4 showed activities in all assays, although there was low activity in antimicrobial assays against yeasts and Gram-negative bacteria. For the group of Gramnegative bacteria, activity was detected only against the cell wall defective Escherichia coli strain tolC. Only desulfated compounds were active, indicating a possible influence of sulfate ester groups on the bioactivity. The same pattern was observed for the pathogenic fungus Aspergillus fumigatus. All compounds except 2, 8, and 11 showed activity against Staphylococcus aureus, confirming the results of Sullivan et al. 2b These results suggest that the different constituents of the aromatic moieties of 2, 8, and 11 may have an impact on activity. The ortho-hydroquinone structure may be the active center of the molecules. It is likely that the hydroquinone is oxidized in the metabolism of the assay organisms to yield the more toxic ortho-quinone. The most active of the tested compounds were the corallidictyals A/B (4/5) and C/D (9/10). These compounds not only had the widest spectrum of antibiotic activity, but also showed a remarkable cytotoxic activity against the L929 mouse fibroblasts. To further investigate this cytotoxic effect, experiments were performed with 4/5 using a PtK 2 potoroo kidney cell assay. Figure  5 shows PtK 2 potoroo kidney cells that were stained by labeling a a DPPH ) R,R-diphenyl--picrylhydrazyl. b Scavenging % ) 100 -(A sample × 100/A control), absorbance (A) of sample and control measured at 517 nm. c Concentrations in µmol/L. marker protein of the endoplasmic reticulum. Cells treated with corallidictyals A/B (4/5) showed striking alterations of the inner membrane structure of the cytoplasm. As discussed previously, the quinone moieties may be the active part in Michael addition reactions that interfere with regulatory molecules in living cells. 15 In addition to the quinone moiety of corallidictyals A/B (4/5), the aldehyde moiety may play an important role in the cytotoxic activity of siphonodictyal G (11) as compared to siphonodictyol G (2).
Applying a more gentle extraction method than used in previously publications, 2a,b the sulfated sesquiterpene-hydroquinones siphonodictyals B1 (6), B2 (7), B3 (8) , and G (11) as well as corallidictyals C (9) and D (10) were isolated from A. coralliphagum growth form incrustans. For the first time, a systematic NMR assignment of the siphonodictyals was performed. The isolated compounds showed interesting biological activities, especially cytotoxic effects. Understanding the role these metabolites play in the ecology of A. coralliphagum, particularly their effects against sponge predators and the coral species this sponge attacks, will require additional biological assays and further analyses of the metabolites. The structure elucidation of the sulfated secondary metabolites of the growth form typica is under investigation. Preliminary results suggest that derivatives of siphonodictyal E are the main metabolites of this growth form.
Experimental Section
General Experimental Procedures. Optical rotation was measured with a Perkin-Elmer 214 polarimeter at 20°C. UV spectra were recorded with a DAD (Agilent) during HPLC analysis. IR spectra were recorded with a Bruker Equinox 55 spectrometer. 1 Extraction and Isolation. The freeze-dried sponge samples of A. coralliphagum growth form incrustans (134.12 g) were crushed with a mill and extracted exhaustively with MeOH at RT under a N 2 atmosphere over 24 h to yield 25.91 g of crude extract. The yelloworange-colored crude extract (4.32 g) of A. coralliphagum was purified by preparative RP18 HPLC (MeCN/H2O gradient) using a ProntoSIL Eurobond C18 column (VDS Optilab) (250 × 20 mm, 5 µm). Collected fractions were immediately freeze-dried to obtain 6 (366 mg, 0.273% of dry weight), 7 (73 mg, 0.054% of dry weight), 8 (35 mg, 0.026% of dry weight), 9/10 (29 mg, 0.022% of dry weight), and 11 (20 mg, 0.015% of dry weight) as pure compounds. Freeze-dried sponge samples of the growth form typica were crushed with a mill and extracted exhaustively with MeOH at RT under a N 2 atmosphere over 24 h. The orange-colored crude extract was analyzed by HPLC-MS.
Siphonodictyal B (1): yellow powder; UV (DAD) λmax 265, 335 nm; 1 H NMR data, see Table 2; 13 C NMR data, see Table 1 Table 2; 13 C NMR data, see Table 1 ; HPLC/ a Agar diffusion assays were carried out using paper disks of 6 mm diameter spotted with 20 µg of the compound dissolved in methanol (diameter in mm of inhibition zones indicated). b Incomplete inhibition zone, n.t.: not tested.
c Concentrations are given in µg/mL. Growth was measured using an MTT assay. 
